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Extrapolation Range Measurements for Determining Antenna
Gain and Polarization

Andrew G. Repjar, Allen C. Newell, and Douglas T. Tamura

National Bureau of Standards
Electromagnetic Fields Division

Boulder Colorado 80303

The extrapolation range measurement technique for determining
the power gain and polarization of antennas at reduced range dis-
tances is described. It is based on a generalized three-antenna
approach and does not require quantitative a priori knowledge of
the antennas. During the past decade, it has been extensively
used by the National Bureau of Standards, Boulder, Colorado, to
calibrate antenna gain standards for industry and other agencies
within ±0.1 dB. To help one understand how calibrations of this
accuracy are achieved, the extrapolation range description in-

cludes discussions on the required theory, the measurement pro-

cedures, the range configuration and instrumentation, the errors,
and some measurement examples. Recent extensions of the extrapo-
lation method required for swept/stepped frequency gain calibra-
tions and for corrections to reduce ground reflection effects, are

also presented.

Key words: antenna calibrations; antenna measurements; antenna
ranges; antennas; near-field measurements; probe antennas; stan-

dard gain horns; swept frequency measurements

1. Introduction

Accurate antenna gain standards are necessary to evaluate and verify the

performance of communication, radar, navigation, remote sensing, and other

systems that transmit or receive radiated electromagnetic energy. Until the

mid-1970s, the most common method of measuring the antenna gain and polariza-

tion for these systems was a substitution technique, where the response of the

test antenna to an incident plane-wave field was compared with that of one or

more standard antennas. Since then, near-field measurement techniques, where

a probe scans over a planar [1], cylindrical [2,3], and spherical [4,5] sur-

face, have been extensively used. In either case, the characteristics of the

standard antennas or probe must be determined.



Computed gain and polarization values for a standard antenna do not pro-

vide a satisfactory solution for high accuracy measurements. The gain of

pyramidal horn antennas, used extensively as standards or probes [6,7] may be

calculated within an estimated uncertainty of about ±0.3 dB. Similarly, gain

calculations for both smooth and corrugated conical horns [8,9] have about the

same accuracy. The uncertainties in these calculated values are due to theo-

retical approximations and imperfect fabrication, problems not easily over-

come. For this reason, the National Bureau of Standards (NBS) has opted to

develop and employ "standard measurement methods" rather than "standard anten-

nas." By these methods, an arbitrary antenna can be accurately calibrated for

use as a gain and polarization transfer standard.

The well known, far-field three-antenna method is not suitable for accu-

rate absolute measurements of many standard antennas for several reasons. With

conventional far-field antenna ranges, the plane-wave condition is approxi-

mated by using large separation distances between the transmitting and receiv-

ing sites. However, for high gain antennas, ranges of sufficient length may

not be available. This is especially true when high accuracy is desired. For

example, to reduce the proximity correction of typical standard gain horns to

less than 0.05 dB requires a distance of about 32 (not 2) a^/x [10], where a

is the largest aperture dimension and x is the free-space wavelength. At such

large distances the errors due to ground reflections and scattering from other

objects can be significant. Additional errors can occur if the test and stan-

dard antennas have significantly different gains, patterns, or polarization

characteristics. Interference from other signals, and (at millimeter-wave

frequencies) strong atmospheric attenuation are other problems. To overcome

these difficulties and provide a means of accurately characterizing antenna

standards, NBS developed a new method, known as the extrapolation technique,

for evaluating directive antennas. This method is not well suited for pattern

measurements (although pattern data can be obtained), but it is the most accu-

rate method known for determining absolute gain and polarization. (Gain is

routinely obtained within 0.1 dB.) Hence, it is most useful in evaluating

standards and for measuring antennas when the highest accuracy is required.

The theoretical basis was developed by Wacker [11], and its application to

accurate antenna measurements has been described briefly by Newell and Kerns

[12] and more fully in an experimentally oriented paper by Newell et al . [13].



The method uses a generalized three-antenna approach which does not require

quantitative a priori knowledge of the antennas. It is the latter work that

provides the basis for this updated and expanded exposition.

The main purpose of this technical note is to describe all aspects of the

extrapolation measurement procedure used at NBS for antenna calibrations, in

detail and in one convenient document. The treatise will include a discussion

of the results of the scattering matrix theory [1] that are required in the

development of the generalized three-antenna and extrapolation techniques, the

measurement procedures including range configuration and instrumentation, the

data processing, a discussion on errors, measurement examples, and a discus-

sion on improved polarization measurements and swept frequency measurements.

The extension of the extrapolation technique which corrects for the effects of

ground reflections in absolute gain measurements is presented in Appendix A.

An example of an NBS calibration report is then given in Appendix B. Through

this exposition, it is intended that the reader will understand the deliberate

steps taken to assure calibrations of the highest accuracy.

2. Definitions and Basic Concepts from a Measurement Point of View

2.1 Antenna Scattering Matrix Parameters

In this discussion frequent use of the quantities used in the scattering

matrix theory of antennas which is more completely discussed elsewhere is made

[1]. A brief discussion is given here to acquaint the reader with the basic

quantities and their meaning, and to give the results of the theory that are

required in the development of the three-antenna and extrapolation techniques.

The intent of the following discussion is to describe the concepts used in

this new approach to antenna theory in terms of quantities which should be

familiar to the microwave and antenna engineer.

The theory was developed as an extension of the familiar scattering

matrix theory of waveguide Junctions and therefore much of the notation and

formulation is similar. Because of this similarity we will begin the discus-

sion by referring to a waveguide two-port shown in figure 1, as it is .

described by the S parameters.
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Figure 1. Waveguide two-port junction.

The incident and emergent wave amplitudes ag, a^, bg, b^ on the two ter-

minal surfaces Sq and S^ are related by the equations [14],

^0 " Sqo^O '' Sqi^Ij (la)

and

b, = S 10^0 + S 11^1' (lb)

The S parameters are complex scalar quantities which specify the response of

this two-port transducer at a given frequency and for one waveguide mode.

Once these quantities have been determined from measurements, it can be deter-

mined how this device will interact with others in a composite system.

Although an antenna is more complicated than a simple waveguide two-port,

it can still be described by the same sort of formal representation. The an-

tenna is viewed as a two-port transducer which transforms wave amplitudes in a

closed transmission line system to an angular spectrum of plane waves in the

space system. The S parameters provide a powerful and yet simple means for a

formal description of this transducer point of view. As with the simple two-

port, once these S parameters have been determined, they may be used to evalu-

ate the antenna performance in a larger, more complicated system. Familiar

quantities such as power gain and axial ratio are easily derived from the S



Figure 2. Plane-wave scattering-matrix description of an antenna.

parameters, but they are not limited to use in far-field plane-wave situations

which are usually assumed. One of their main advantages is that they give a

means of formulating near-field antenna problems in a way that gives new

insight into the problems and allows practical solutions.

To further define these parameters, consider the antenna shown in fig-

ure 2 oriented in the coordinate system Oxyz with unit vectors e , e , e
-X -y - z

in the space to the right of the antenna, and let k_ be the propagation vector

for plane waves in this space. Since the magnitude of _k_ is fixed, k^ = w^pe,

we can consider k^ and also k_ to be functions of the transverse components k^ and ky

and define K = k e + k e ,

X -X y -y
Then k^ = +y, where

Y = /k2 - K2. (2)

K_will be the independent variable in most of what follows, and defines direc-

tions in the space to the right of the antenna. For example, J<
= defines

the reference boresight direction, K = k e +0 e defines an E-plane cuta ' - y -y -X ^

for an antenna with linear polarization in the y-di recti on, and

K = e + k e defines an H-plane cut for the same antenna.
— —y X —X



In addition to the unit vectors in the x, y, and z directions, we define

two additional vectors in the x-y plane which are used in the formulation.

These vectors, <i and <2 are

5i ^ y\^\ !52
"^ §7 X !5i* (3)

In figure 2, ag and bg are incident and emergent wave amplitudes at the

surface Sq just as in the waveguide junction formulation, a^i^—^ ^^^ '^m^A) ^^^

spectral density functions for incoming and outgoing plane waves and are anal-

ogous to ag and bg. This decomposition of the transverse electric field into

a continuous angular spectrum of plane waves is analogous to the familiar

practice of analyzing a complicated time function in terms of its frequency

components. Indeed, there are many concepts from time and frequency domain

analysis which can be carried over to the antenna problem and give new insight

to the processes involved. These ideas are formalized by the following equa-

tions [15] which define the S-parameter functions that characterize the

antenna:

2

bo = Sggag + / I Soi(m,K) a (K) dK, (4a)
m-1 - m
m=l

and

2

b (K) = Sio(m,K) ag + / I Sii(m,K;n,L) a (L) dL, (4b)
m - - ^^^ . . n - -

where the summation is over two values of the polarization index m or n, (cor-

responding to the tv/o orthogonal polarizations, k^ and <2 of the wave in the

x-y plane), integration is over all values of K (or L), and dK denotes the

surface element for integration (e.g., dk^dk ).

The significance of each parameter can best be seen by considering two

special cases. First assume that the antenna is transmitting into free space

and therefore there are no waves incident from the right, a^(_K) = 0. We then

have

bo = Sogag (5a)



and

bn,(!<) = Sio(m,K) ao. (5b)

Sqo is thus a simple Input reflection coefficient term. Sio(m»K) defines the

transmitting characteristic since it describes how input wave amplitude ag is

transformed by the antenna into an angular pattern of plane waves bj^(J<_).

Next assume that the antenna is being used as a receiver with a matched

load termination and therefore ag = 0. We now have

2

bo = / I Soi(m,K) a (K) dK, (6a)

m=l

and

2

b (K) =
/ I Sii(m,K;n,L) a (L) dL. (6b)

m -
^^^

. - n - -

Soi(f"»'^) is called the receiving characteristic since it describes how the

antenna responds to an incident spectrum of plane waves ci^(J<)» Sii(m,K;n,L)

is called the scattering characteristic as it describes how waves incident

from the right dire scattered back into the same space.

If the antenna is reciprocal, Sio(fn»K) and Soi(m,K) are related by the

reciprocity relation,

- no Soi(m,l<) = n^(l<) Sio(m, - K), (7)

1/2
where m = we/y, n2 = Y/(wy) and no = (eq/uo) » is the characteristic admit-

tance of free space.

If we define the vectorial transmission spectrum as

Sio(K) = Sio(l,K) <! + Sio(2,!<) ^2, (8)

then the transverse electric field at large distances r from the source is

given by [15]



§t(r)
= -^T^ cose Sio(R k/r) ao e'^\ (9)

where _r is the position vector with transverse part _R, r = |r|, and e is the

angle between k_ and ^, or equivalently the polar angle of r_ relative to the

z-axis. The power gain function is also given in terms of Sio(K) 3S

47rk2 cose [|Sjo(l,K)|2 m + |Sjo(2,K)|2 nj
^'^>

.o(l"- ISooh

'-

• '^°'

Since the electric field, the receiving characteristic for a reciprocal

antenna, and the gain function can all be found from Sio(K), the measurement

objective is then to determine Siq(K), or its value in certain important

directions such as the on-axis value Sio(0)»

2.2 Generalization of the Three-Antenna Measurement Technique

A three-antenna measurement to determine the gain of three antennas has

been available for some time [16]. This involves measuring the ratio of the

power input to the transmitting antenna to the available power from the re-

ceiving antenna and the separation distance between the antennas for the three

combination pairs. The three resulting equations may then be solved for the

gain of each antenna.

This approach implicitly assumes that far-field, plane-wave conditions

exist and that the three antennas have either known or identical polarization

characteristics.

Since only power ratios are measured in the above technique, no informa-

tion is obtained about the polarization states of the three antennas. Various

other methods have been used to measure antenna polarization [17], but they

all involve the use of at least one antenna whose polarization is assumed to

be known.

The generalized three-antenna method [12] to be described here does not

require a quantitative knowledge of the polarization of any of the antennas.

It is sufficient to know that two are approximately linearly polarized and the



polarization of the third is either linear or circular with an approximate

direction of polarization. With this knowledge and the measurement of the

appropriate quantities, both the gain and polarization of one or more of the

antennas can be determined.

Kerns [1] derives the coupling equations for the general situation when

only one of the three antennas is reciprocal. For simplicity, and because it

is the usual case, we will assume that the two antennas which are used in the

receiving mode are reciprocal.

Now suppose that we have two antennas whose transmission characteristics
1 2

are given by Sio(K) and Sio(K) when each antenna is placed in a specific

orientation in the reference coordinate system. The prescribed orientation is

such that the antenna coordinate system is coincident with the reference sys-

tem. The antenna coordinate system is defined with its z-axis in the electri-

cal boresight direction, and the x- and y-axes defined by reference lines

scribed on or otherwise defined on the antenna structure. The placement of

these fiducial marks on the antenna is essentially arbitrary, but once chosen

they fix the axes of the antenna and therefore the coordinate system used to

define Sio(K). In practice, it simplifies and improves the accuracy of the

measurement to place the reference lines so that one axis is approximately

parallel to the principal component of the electric field. The y-axis will be

so chosen in the following.

With these choices of references axes, let antenna number 1 be placed in

the prescribed orientation in the reference coordinate system and used as the

transmitting antenna. Let the other antenna be placed in a receiving orienta-

tion by a 180 deg rotation in the reference coordinate system about the y-axis

and a translation along the z-axis to z = d. The two antennas are shown sche-

matically in figure 3 with appropriate terminal surfaces and wave amplitudes

shown.

In the following development, the transmission charateristic Sio(K) will

be used, but since the objective is to determine gain and polarization in the

boresight direction, we need only the on-axis value, Sio{0)» A simplified

notation may therefore be adopted which will eliminate the double subscript

and the explicit reference to K = 0. Both linear and circular components of



TRANSMITTING
SYSTEM

(z = 0)

-e,

(z=d)

K

RECEIVING
SYSTEM

Figure 3. Schematic of two antennas oriented for measurement.

Siq(0) will be required, and these are defined as follows. Let _e^ and

_ey be unit basis vectors in the x and y directions and define [18]

(11a)

f = (e^ - i e^)//?. (lib)

Then

Ep = e exp[i(kz-a)t)] (12a)

and

E. = e" exp[i(kz-a)t)] (12b)

are respectively right and left circularly polarized plane waves traveling in

the +z directions. The time dependence here is exp(-ia)t), and the definitions

of polarization used here are in agreement with the IEEE Standard No. 149

(Test Procedure for Antennas, 1979), and correspond to the definitions of

right- and left-handed screw threads.

10



The linear and circular components of Siq(0), using the simplified nota-

tion, will be referred to as X, Y, R and L such that Sio(O) = X e + Y e
+ _

- -X -y
= Re + Le , and the transformation equations are

R = (X - iY)//?, L = (X + iY)//7,

X = (R + L)//7, Y = i(R - L)//?.

(13a)

(13b)

The on-axis components for the three antennas will be distinguished by a

single subscript, ^iox^°^ " ^1' Hoy^^^ " ^2' etc.

In the bores ight direction, the gain and polarization quantities are

given by

Gain = G =-
4Trk2(|x|^- +

(1 '00

Yj2) _ 4Trk2(|L|2 +

•) (1 '00

R|2)

Linear Polarization Ratio = p« = y*

Circular Polarization Ratio = p^ =
-5,

C K

Axial Ratio = A =
R + L

R - L
and

Tilt Angle = t = I/2 arg (p^).

(14)

(15)

(16)

(17)

(18)

With antennas 1 and 2 in their initial orientation as previously described and

shown in figure 3, the coupling equation is [1,13,15]

X1X2 - Y1Y2 - ^^ (

lim .^it-"^ (1 - V2) ^
-ikd

l-H» 2iTik
) -= DI2. (19)

where V2 is the reflection coefficient for antenna number 2, and r is the

reflection coefficient for the load.

Now let the receiving antenna be further reoriented by rotating it about

the z-axis by 90 deg in the direction from x to y. The coupling equation for

this orientation is

11



X Y . X Y
- ^- bad)d (1 - r^r,) e-'^'

_
X1Y2 + X2Y1 j^ [

-
27rk J = ^12.

where bo(d) denotes the output wave amplitude for the second orientation.

Equations similar to (19) and (20) may be written for the other two

antenna pair combinations which yields six equations in six unknown quanti-

ties. These six equations may be expressed by the two general equations for

transmission from antenna m to antenna n as

XX - Y Y = D' , (21a)
n m n m nm ^ '

X Y + X Y = D" . (21b)
n m m n nm ^ '

These coupling equations have a very simple form and yet contain a great deal

of information about the antenna interaction. Since they are written in terms

of complex vector components, they take into account the vector character of

the field and the receiving antennas response to that vector field. This is

in contrast to the Friis transmission equation which relates only the scalar

quantities of power and gain and includes no information about the vector

nature of the transfer functions. It is possible to write equations using

gain, axial ratio, and tilt angle to relate transmitted and received power

[18], but such expressions are much more complex and yet contain no more

information than eq (21).

To solve the resulting set of six equations we define

A = (D' - iD" 1/2, (22a)
nm '^ nm nm^'

^

and

T = (D' + iD" 1/2, (22b)
^ nm ^ nm nm^ ^

and note that eq (21) can be written as

RR=A, LL = y . (23)
n m nm' n m ^ nm ^

'

12



The solution for circular and linear components now follows and gives, for

example.

,-.;
A21A13

^32

V
^21^13

^32

(24a)

(24b)

and

= ±-li J~^ll^± J ^21^1

^ ' /2 \ ^32"^ ^32
Xi=±-^ \—Z--± \-T-- (25a)

^ ' /2 \ ^32
"" ^ ^32

Yi =±-Z \-7— ^ \-F— • (25b)

In these equations the signs are correlated vertically but not horizontally.

If the upper signs are used in one of the equations, they must be used in the

other two also. A qualitative knowledge of|p |, either from a priori informa-

tion or the measured data, is required to indicate the proper choice. One

choice will yield |p |
> 1 while the other choice gives |p |

< 1, and the pro-

per choice will yield results consistent with |p»|«

Difficulties can arise in the solution of eq (24) if one or more of the

antennas is nearly circularly polarized. For example, A32 may be nearly zero

if antenna 3 has nearly left-circular polarization. The two practical antenna

combinations are therefore either three linearly polarized antennas or two

linearly and one circularly polarized antenna. In the first case the gains

and polarizations are determined for all three, while in the latter the char-

acteristics of only the circular antenna will be completely determined.

If, however, three circularly polarized antennas are nominally polariza-

tion matched, then we can determine the principal components from either

eq (24a) or (24b). The circular polarizations can then be determined by an

improved polarization measurement technique which is discussed in detail in

Section 7. Similarly, if three linearly polarized antennas are nominally

polarization matched, then we can determine the principal components from

13



either eq (25a) or (25b). Then, the linear polarizations can also be deter-

mined using the improved polarization measurement technique. Although in

practice, these improved procedures are generally the rule, it is necessary to

understand thoroughly the above notations and development to facilitate the

comprehension of later sections.

2.3 Measurement Methods for the Extrapolation Technique

The data required to determine the D^j^'s are the ratio of output to input

signals for the two antenna orientations, |bo(d)/ao| and |bo(d)/ao|, and the

phase change resulting from the second antenna rotation, arg (bo(d)/bo(d)}.

This information, plus the separation distance d, the frequency f, and the

necessary reflection coefficients determine the D^^'s; the transmission compo-

nents can then be found from eqs (19) through (25). In principle the required

data could be obtained by well known far-field measurement methods, but the

extrapolation measurement approach will be described here because it has defi-

nite advantages for accurate absolute gain and polarization measurements.

The theory of the extrapolation technique was developed by Wacker [11],

and the main result is that for any two essentially arbitrary antennas the

received signal as a function of separation distance can be accurately repre-

sented by the power series

^o(d)=r^ I
''P^'%11 ''^

I
V (26)

^ ^n^£ p=0 (d)'^P^^ q=0 d^

The significance of each term and subseries may be seen more clearly if a few

terms are written out explicitly to give

^0 p""^^ ^01 ^02 ^03

n i (27)

+

3ikd Aj^ Aj2 5ikd

The first series represents the direct transmission signal including near-zone

terms, the second series the first-order multiple reflection between the two

14



9.00

B.OO

r.oo

6.00

e 5.00

cnO

u

o

4.00

3.00

2.00

1.00

0.00

1.00

A/v^A*.A^
^

^^,^^ r **'^

J- f^
^^j^

rJV

11.50 12.25 13.00 13.75 14.50 15.25 16.00

Frequency (GHz)

16.75 17.50 18.25 19.00

Figure 25. Insertion loss including mismatch and near-zone corrections. This
is the difference between the reference curve and amplitude curve
with antennas in place. The high-frequency oscillations are due

to multiple reflections between the antennas.

61



9.CX>

8.00

7.00

«>« 6.00
CQ
•o
"^

Vi
to
o 5.00
,J

c;o
w4

1- 4.00
O)
CO
c
"-*

"S J.OO
4-'

-oV
k.
L.
O 2.00

1.00

0.00

I.OO

_.

.

t ^^ t^J\f
/-^;^AM

^.r^
^ "\fV-V

!^fv^
^^

\f\j
**

11.70 12.34 12.98 13.62 14.26 14.90 15.54 16.18 16.82 17.46 18.10

Frequency (GHz)

Figure 26. Insertion loss with multiple reflections averaged out>

62



29.50

29.00

28.50

28.00

17.50

© 27.00

O^ 26.50
a>

o

> 26.00

25.50

25.00

24.50

r A

r^
/

y^
r^

.^

Xy

/
^'

11.70 12.34 12.98 13.62 14.26 14.90 15.54 16.18 16.82 17.46 IB.IO

Frequency (GHz)

Figure 27. Average gain for a pair of antennas

63



29.00

26.60

26.20

27.60

^5

27.40

o 27.00

Qi
*•>

=3

26.60

26.20

25.60

25.40

25.00

^ <

/
/

J

^
/

fj

/
/

//
t

10.00 11.00 12.00 IS.00 14.00 15.00 16.00 17.00 16.00 19.00 20.00

Frequency (GHz)

Figure 28. Final gain values for a long Ku-band horn. The oscillations about

the nominal values are approximately ±0.04 dB and are due to

mismatches at the throat and aperture of the horn.

64



».oo

24.80

24.60

24.40

tt
T3

24.20

C

s 24.00

0)

3

g
2s.eo

2S.60

23.40

23.20

23.00
10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00

Frequency (GHz)

Figure 29. Final gain values for a standard gain horn. The oscillations
about the nominal values are approximately ±0.1 dB and are due to

mismatches at the throat and aperture of the horn.

65



23.0

22.5

£Q
O

<
22.0

21.5

21.0

THEORETICAL GAIN
MEASURED GAIN

8 9 10 11 12 13

FREQUENCY (GHZ)

Figure 30. Comparison between theoretical gain and gain measured by the
swept-frequency technique for an X-band pyramidal horn. Gain
values indicated by the * were obtained by the extrapolation
method.

66



As another example, figure 30 illustrates a comparison between a theo-

retically obtained gain curve for an X-band pyramidal horn as predicted by

theory [6] and data obtained using the three-antenna method applied to swept

frequency data.

9. Summary

The extrapolation range measurement technique has been described for

determining the power gain and polarization of antennas at reduced distances.

It is used extensively by the National Bureau of Standards, Boulder, Colorado

to calibrate antenna gain standards for industry and other agencies. A modi-

fication in the approach that significantly increases the accuracy of the

polarization parameters has also been described and should be of particular

interest to the reader.

Tv;o extensions of the extrapolation method have also been presented. The

first extension applies to swept frequency measurements where it has been

demonstrated that accuracies over an entire band of frequencies can be

achieved typically to within ±0.15 dB. Swept frequency measurements continue

to be of interest to the measurement community as they can determine whether

"holes" exist in an antenna's frequency response.

The second extension of the extrapolation method given as an appendix

corrects for the effects of ground reflections in absolute gain measurements.

This is particularly significant for broadbeam antennas such as those encoun-

tered below 1 GHz, where ground reflections may produce unwanted oscillations

in the ampl itude-versus-distance data.

In summary, the main purpose of this technical note is to describe the

extrapolation measurement method, its improvements and its extensions, and its

errors in detail. Through this exposition, it is hoped that managers, engi-

neers, and technicians involved in antenna measurements will understand the

deliberate steps necessary to ensure calibrations of the highest accuracy.
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antennas, and the third series the higher order multiple reflections. Equa-

tions (19) and eq (27) show that by first neglecting the multiple reflection

and then higher order terms in 1/d (assume far-field conditions) in eq (27),

we can obtain the relationship

'^nm d-^" ao 2Trik ^ 27rik*
^^^'

Hence, Aqq becomes the measurement objective.

In conventional far-field measurements, d is made large enough that the

only significant term in eq (27) is the one involving Aqq. This requires wery

long ranges for some antennas, and as the distance is increased, the error due

to ground reflections increases. In the extrapolation technique, measurements

are made over a range of distances, and the data fitted to a series like

eq (26). When all significant terms have been evaluated, Aqq will be given

more accurately than if the higher order terms had been neglected. Another

advantage is that the proximity correction at any distance equal to or greater

than the measurement distances may be accurately calculated, which makes accu-

rate measurements possible at reduced range distances. A means for correcting

for multipath effects is also included.

2.4 Description of Measurement System

The five subsystems which make up the total measurement system are the

extrapolation range, a stable transmitting signal source, the receiving sys-

tem, a data acquisition system, and a computer (fig. 4). The particular sub-

systems described here are not necessarily the only ones which will meet the

required specifications.

The extrapolation range (fig. 4) consists of two towers and a set of

accurately aligned rails on which one of the towers moves. The rails on the

NBS range were initially aligned using a transit, precision level, and laser

straightness interferometer so that the maximum angular deviation was less

than ±0.02° about any axis and the maximum linear deviation was ±0.1 mn (see

fig. 5). During subsequent years, the rails have required minor readjustments

to maintain that tolerance.
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The moving tower is supported by roller bearings so that the tower can be

moved over the distance of the range as accurately as the rails are aligned. A

variable speed drive system is used to move the cart uniformly during the ex-

trapolation measurement. Plus and minus z movement must be smooth. The vari-

able speed is used primarily so that approximately 10 to 20 data points per

wavelength are taken over a range where the insertion loss changes from to

-20 dB. Thus, the time for the tower's z-axis movement varies depending on the

frequency and the total distance covered.

The separation distance, which must be measured to an accuracy of about 0.1

percent over the total range, can be determined by measuring the voltage across

a precision multiturn potentiometer whose rotation angle is proportional to the

separation distance between the towers. The important requirement is that the

readout be a linear function of distance. The present system uses a laser meas-

urement system which accurately measures the distance over the 10 m range.

Although data are not usually recorded over the complete range, the towers con-

taining the antennas must be brought close enough together to allow the genera-

tor and load ports to be connected together.

The towers support parts of the source, receiver and data systems, and the

rotators for initially positioning the antennas and for polarization measure-

ments. Means are provided for accurately aligning the two antennas and main-

taining that alignment as the separation distance is varied from m to about 2

a2/x, where a is the largest aperture size of the antennas being measured. The

required alignment accuracy is a function of the antennas being measured and

should be such that the maximum misalignment will cause a change in the received

signal of less than 0.01 dB at the farthest distance.

The antennas are mounted in specially designed gimbals which provide the

required rotations about all three axes necessary to align the antennas (fig. 6)

and to perfonn the required reorientations during the measurements. An impor-

tant part of the measurement scheme is mounting the transmitting and receiving

antennas. The antennas must be mounted on alignment gimbals such that there is

sufficient support to eliminate sag and azimuth variations. Depending on where

the point of connection is made, whether it is at the waveguide flange or some

sort of coaxial connector (Type-N, APC-7, SMA), we must ensure that the antenna

does not lose its alignment during any period of the measurement process.
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aL, will be a constant which is independent of the received power. During the

rest of the measurements the signal power level is maintained within the

linear region.

The receiver is then calibrated by systematically varying L^ over a to

20 dB range and recording the corresponding receiver output values. The re-

sulting calibration curve is used to correct the measured data.

Several steps are required in order to obtain the desired quantity,

|bo(d)/ao|, in terms of the receiver output, B{d), the change in the input

attenuator for the generator-load hookup, aL^, and certain mismatch factors.

The output amplitude meter measures relative signal changes, jbg/b
|

, on a

logarithmic scale and the observed receiver output, B', is then given by

B'(d) = 20 log
b^d)

b.
(29)

The reference amplitude, b^, is essentially arbitrary but must remain constant

during the measurement. With the generator and load connected together, the

input attenuator is set on L^- and the receiver gain set for B' = 0. ' The ref-

erence amplitude is then given by [20]

h - g
(30)

where bq is the wave amplitude that the generator would deliver to a matched

load. The antennas are now replaced with antenna m connected to the generator

and antenna n connected to the load. The input attenuator is reset to a new

value, Lf, which results in a new b^ given by b' = ab .

then 20 log |a| = AL-^. The input amplitude to antenna m is

b'

^0 ^
(1 - tr)
* m g^

If AL, = L. - L
1 f^

and from eqs (29), (30), and (31) we obtain

bi(d)
20 log = B'(d) - ALi - 20 log

(1 - r r^)

(1 - r^r
J^ g m^

(31)

(32)
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between the antennas. The transit is then aligned to determine the z direc-

tion of the range's rails. This is accomplished by placing fine wires across

the X- and y-axes of the transmitting horn, moving the cart in and out, and

aligning the transit so that there is no change in the position of the cross

hairs. A precision flat plate is then attached to the antenna aperture and a

precision mirror is centered on the plate. By using an autocollimator on the

transit, we then precisely align the antenna so that its z-axis is parallel to

the rails. The transit is then rotated about its y-axis precisely 180 deg,

and, in a similar manner, the receiving horn is aligned. An additional check

should be taken especially when the antennas are being aligned for polariza-

tion measurements, that is, when the antenna is rotated 360 deg about its

z-axis, the mirror must remain collimated and the intersection of the cross

hairs must remain constant.

In the electrical alignment method, first the x-axes of the antennas are

leveled with the transit just as in the former method. Now, however, the

towers are set for maximum separation, and the two antennas are alternately

rotated about their x- and y-axes to achieve maximum signal transfer. When

this is achieved the boresight directions for both antennas are coincident

with the reference z-axis, and the first stage of the alignment has been com-

pleted. The next step is to adjust the receiving antenna relative to its gim-

bal mount so that the z-axis of the mount is coincident with the boresight

direction of the antenna. This condition is achieved by rotating the antenna

180 deg about the mount axis, noting the shift in boresight direction, and

adjusting the antenna relative to the mount until a 180 deg rotation leaves

the boresight direction unchanged. Several iterations may be required.

3.2 Receiver Calibration and Determination of ag

When the alignment has been completed, the towers are moved close to-

gether so that the generator and load ports may be connected together. The

calibrated variable precision attenuator is then used to determine the linear

range of the mixer, calibrate the receiver response, and determine ag, the

input to the transmitter. The linear response range of the mixer is determined

by measuring the change in output signal, aB, resulting from a change in the

input precision attenuator, AL^ for various signal power levels. When oper-

ating at the correct power level, the difference (in decibels) between aB and
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The receiver outputs are fed into the data system, which may be as simple

as an x-y recorder that plots the amplitude and phase as a function of the

separation distance. However, the requirements of accuracy, speed, and econ-

omy usually demand a digital system that records the data on magnetic tape or

disk in a format suitable for computer processing.

3. Measurement Procedures

Before the actual work on the range begins, the input reflection coef-

ficients for each antenna and for the generator and load ports are measured so

that corrections for mismatch errors can be made. This is very important when

one is attempting high accuracy measurements. A tuned reflectometer [19] or

network analyzer is normally used for this purpose.

3.1 Alignment of Antennas

Currently, there are two prescribed methods for aligning antennas. One

depends on the mechanical properties of the antenna while the other depends on

its electrical properties. Both methods will be described here. The goal of

the alignment procedure is to align the mechanical or electrical boresights of

the transmitting and receiving antennas with the reference z-axis of the

extrapolation range (fig. 5) and to provide a reference for the polarization

measurements.

Let us define three coordinate systems, one fixed to each of two antennas

and one fixed in space and referenced to the test range. Each antenna system

is defined with the boresight direction along the z-axis and the y-axis nomin-

ally along the major axis of the polarization ellipse. The exact location of

the axes is not critical but they must be clearly defined (fig. 5). The

reference, or space, coordinate system has its x-axis horizontal, the y-axis

vertical, and the z-axis along the center of the test range (fig. 6).

For the mechanical alignment method, the first step in the measurement is

to place the antennas in the prescribed orientations with respect to the

reference coordinate system. This is accomplished by first rotating the

antennas about their z-axes until their x-axes reference marks are horizontal.

This is easily done by viewing the antennas with a leveled transit placed
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A synthesized signal source with associated equipment used in fixed fre-

quency measurements is shown schematically in figure 7. The signal source

provides a c.w. signal which is stable in both frequency and power during

measurements. Amplitude stability of ±0.01 dB over a 5 to 10 min period is

desirable, but a uniform drift of as much as 0.05 dB during this period can be

allowed. Some of the drift can be averaged out by making measurements in both

+ and -z directions. The frequency stability requirement is primarily to

reduce phase drift.

Leakage from the synthesizer, waveguide joints, or other components can

cause very serious errors in any antenna measurement and care must be exer-

cised to reduce all such leaks to insignificant levels. (As an example, for

the effect of the leaks to be less than 0.01 dB, we can require that the leaks

be less than 65 dB below the direct signal.)

A block diagram of the receiving system is also shown in figure 7. This

system must measure the received signal amplitude over a dynamic range of

about 50 dB as well as the phase difference between the received signal and a

reference signal. The large dynamic range is required since the received sig-

nal will be large when generator and load are connected directly together for

the measurement of ag and will be \/ery small when the receiving antenna is

rotated by 90 deg to measure the cross component of the field. The actual

dynamic range which the receiver sees can be reduced significantly by measur-

ing part of the signal change with a precision attenuator. For example, it

was only necessary to calibrate the receiver of figure 7 over a 20 dB range.

The attenuator is also used to calibrate the receiver response.

The phase is measured with respect to a reference, ())^, which is independ-

ent of the orientation of the receiving test antenna. ^^ may vary as the

separation distance is changed as long it has the same variation for both

orientations of the test antenna. One practical approach on large outdoor

extrapolation ranges is to place a small antenna to the side of the test

antenna. This reference antenna should be far enough away to eliminate inter-

action and still close enough to receive a significant signal. A small stand-

ard gain horn or open-ended waveguide is usually adequate. On indoor or small

outdoor ranges, the receiver can be phase-locked to a reference signal

obtained from the source via a cable.
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aL^ is chosen so that B'(dj^-jp) = 0, where (i^-\^ is the minimum distance at

which data is to be taken. The towers are now moved slowly apart and the re-

sulting amplitude B'{d) and phase (j)'(d) data recorded as a function of dis-

tance.

The receiving antenna is then rotated about its z-axis by 90 deg, the

output attenuator changed by AL2, if necessary, to restore the signal level at

the receiver to its previous range, and the amplitude B"(d) and phase ^"{d)

data again recorded as a function of distance. This measurement sequence is

repeated for all three antenna pairs to provide the necessary data for the

extrapolation calculations and solution of the three-antenna equations.

The generator and load connections are a very important part in the meas-

urement process and great care must be taken to assure repeatable, accurate

measurements in the hookups. For example, an error in the generator-load

hookup translates directly into an error in the average gain of the antenna

pair being measured. (Typically, generator-load measurements repeat to within

0.02 dS.) The generator-load connection is necessary to determine absolute

gain which accounts for the ohmic loss of the antennas. This is in contrast

to measuring the directivity of an antenna, estimating the ohmic loss and cal-

culating the absolute gain, a procedure used in some laboratories.

A potential source of error often appears at the junction of the coaxial

cable and the coax-to-waveguide adapter. Care must be taken that the connec-

tor is neither tightened too tightly, damaging the center pin or too loosely

so that the connection can work itself free. A solution to this problem is

the use of torque wrenches and the introduction of strain relief loops at the

connector joints. Strain relief loops eliminate many problems which occur

with movement of the input and output assemblies during generator-load hook-

ups, since the connection is isolated from the general cable movement. Even a

single loop securely fastened to the coax-to-waveguide assembly or accompany-

ing waveguide piece provides adequate protection from connector problems

(fig. 8).

Another area where problems often occur is the transmission cable itself.

Depending on what types of cables are used, e.g. (RG 214-U, RG 9-U, 0.358 cm

(0.141 in) diameter semi-rigid, the following should be verified about the

cable:
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(a)
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Coiled
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Coaxial

connector
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Isolator

(c) (d)

Isolator

Figure 8. Steps in making a strain relief loop to minimize cable movement at

connector joints.

1. It has the appropriate frequency response for the measurement.

2. It has stable (preferably low) loss.

3. It has the durability to withstand occasional bending and movement.

4. It is firmly attached to the connector, primarily to minimize signal

leakage.

5. It has durable connectors to insure repeatability.

Depending on the previous usage of the cable, it is always good practice to

visually inspect each cable and to test it electrically before installing it

in the system.

The assembly of waveguide components can also present problems to the

technician where leakage and connection repeatability d^vo. concerned. All

waveguide joints must be put together in a consistent manner. Care must be

taken to minimize leakage by using proper shielding of the joints with copper
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Extrapolation data for two X-band standard gain horns.

many more points in a much shorter time. We usually record 10 to 20 data

points over each cycle of the interference pattern, and the computer averages

over a fixed number of points or computes a running average. Averaging is

typically accomplished over an integral multiple of half wavelengths.

A third alternative is to use a low-pass filter in the output section of

the receiver to filter out the modulation produced by the multiple reflect-

ions. The modulation frequency can be controlled by the speed of the tower,

and is given by fp = 2V/nX, where f^ is the frequency resulting from the nth-

order reflection, V is the velocity of the tower, and \ is the wavelength of

the rf signal. This procedure works very well at short wavelengths and for

phase-locked receivers which have narrow bandwidths. The averaging is then

accomplished automatically without any computations. Figure 10 shows the

appearance of the modulation at a very slow tower motion and the automatic

averaging accomplished at a moderate tower speed. The individual cycles of

the multipath are not resolved here because of the short wavelength (=5 mm).

28



tape or some type of foil. We should also ensure that any waveguide system

have sufficient support that the torque on any waveguide component is mini-

mized.

3.3 Amplitude, Phase and Distance Data, General

The most apparent application of the extrapolation technique requires

fitting complex data (real and imaginary parts of bg/ao), including the multi-

path interference, to give all of the coefficients in eq (27). This procedure

presents difficult problems in obtaining accurate enough phase and distance

data and in processing the large number of data points required. If the phase

factor, exp[l(2p+l)kd], is to be accurately determined, the distance must be

measured to within a small fraction of a wavelength, and many data points will

be required to define the periodic multipath interference curve. These prob-

lems can rigorously be overcome by first removing the multipath effects from

the data and then fitting the square of the amplitude, |bo/ao|^.

Ago is then determined more easily, and more accurately, than if complete fit-

ting is done with inadequate phase and distance data. The details of this

approach follow.

3.4 Amplitude Measurements

The general character of the amplitude data is illustrated in figure 9

for two X-band standard gain horns. The effect of the multiple reflections

between the antennas is clearly seen in the modulation of the signal with a

period of X/2. The relative magnitudes of the various order multiple reflec-

tions can be approximated from the peak-to-peak magnitude, M, of the modula-

tion curve. For example, if M < 1.0 dB, the first-order multiple reflection

is at least 25 dB below the direct signal and the second-order reflection is

down by at least 50 dB. For typical data M is usually less than 1 dB and we

may conclude that the effect of the multiple reflections on the measured data

will be a small regular modulation that can be removed by fairly simple aver-

aging.

The averaging can be done graphically but it is a very time consuming

process and only a few data points will be obtained for the fitting. When the

data are recorded digitally, the computer can perform the averaging and derive

27



6. Measurement Examples

The extrapolation technique has been used on a number of antennas at fre-

quencies from 1 to 65 GHz. For some of these, gain measurements have been

made using different techniques and the results have always agreed to within

±0.15 dB. In one comparison, the gain of a multimode X-band horn was measured

by NBS using both the extrapolation technique and a near-field scanning tech-

nique. The Jet Propulsion Labs also determined the gain of the horn [25] from

far-field pattern measurements. The results of all three measurements were

within ±0.10 dB of each other.

For some measurements on pyramidal horns, the proximity corrections

obtained from the extrapolation measurements had been compared with theoret-

ical expressions based on the geometry of the horn and assumed field distri-

butions. There has been fairly good agreement with the results of Chu and

Semplak [26] for a limited number of comparison.

The results of measurements on two different antenna sets will now be

described. These will illustrate the present accuracy capabilities for

antenna gain and polarization measurements.

6.1 X-Band Standard Gain Horns

This antenna set consisted of two commercial standard gain horns with

nearly linear polarization and one horn with nominally circular polarization.

The measurement frequency was 7.250 GHz, and a^/x for the circularly polarized

horn was about 1.33 m. Measurements were made over a distance range from 1.2

to 2.8 m for the three antenna combinations and the extrapolation procedure

carried out to give the results shown in table 1 which also includes the 3a

error estimates. The error estimates for atmospheric loss uncertainty are

obtained from reference [27]. The measured data and error estimates then

result in the following calculated quantities for the circularly polarized

horn:

Gain = 21.32 dB ± 0.11 dB

Axial ratio = 1.34 dB + 0.05 dB

Tilt angle = - 59.3° + 2.5°
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C ^
P^ = o A = - (1 + I/613623I) T =

2 ,

where ^^-^ and isf2^ ^re the phase angles of 5^3 and 623*

The gain calculation here is similar to the previous case, where only the

large quantities were significant. There is once again some cancellation of

the systematic error components for this case, but since five rather than

three quantities are involved, the effect of random error is larger. The gain

error is given by e = s + /3" e where e and e are the systematic and^•^gs r sr "^

random errors in each of the Dp(,i's.

If two similar linear antennas are used, then 613 = 623 and for this case

the error in the axial ratio is

dA = (2ai3 + 2 sineis) dai3 + 2ai3 cosei3dei3. (51)

Since 613 = -90° and 3^3 = 1, errors (da^s « 0) in the measured quantities do

not strongly affect the calculated axial ratio.

The accuracy of tilt angle is very dependent on experimental errors,

especially for highly circular polarization. The angles 613 and 623 are

related to the measured ratios by

, 1 + ai3 sinei3 1 ^ "*" ^23 sin923

and the error in
<|>i3

is

- cosej3da^3 + (afg + a^j sin0^3]d9i3

^*i3 = r.a23.2a,3Sin9,3 *
^''^

The tilt angle error is given by

d(()i3 + d(t.23 ,^^^
dT =

2f

(54)

and can be quite large for nearly circular polarization when 613 and 623 are

close to -90 deg and ai3 and a23 are nearly 1.

41



(46)

(47)

then the errors in A and t will be given by

A?

dAi =
2 (^12 COS9i2Ci6i2 + ^13 COS9i3d9i3 - 323 COSe23d923

+ sin9i2dai2+ sin9i3dai3 - sin923da23)

and

dx = ai2 sin9i2d9i2 + ^13 sin9i3d9i3 - 823 sine23d923

- cos9i2dai2 - cos9i3dai3 + COS923da23.

5.3 Two Nominally Linearly and One Nominally Circularly Polarized

Antenna Combination

The linearly polarized antennas are again oriented with their principal

components approximately along the y-axis, and we assume that antenna number 3

is nearly left circularly polarized. When either antenna 1 or 2 is used with

number 3, the 90 deg rotation about the z-axis will result in a very small

amplitude change, and approximately 90 deg phase change. Therefore,

n" n" n"U12 L)i3 U23

D|^= 5i2. "Di7=
^' ^ "^is. DJ7" ^

" ^23. (48)

where the 6's represent the small deviation from exactly linear and circular

polarization. An analysis similar to that in the previous section shows that

the left and right components of Sio(O) are given approximately by

4 Dl3D^3 ^ L3

•IT
L3 = ± p-— , R3 = + ^ / - 613623, (49)

and that the gain, circular polarization ratio, axial ratio, and tilt angle

are approximately

Gs' i. 1 2 T^TT (50)
^ Pool ^ P12

and
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5^2 Three Nominally Linearly Polarized Antennas

It is assumed that the axial ratio for all three antennas is at least

20 dB and that each antenna is oriented such that its principal component is

approximately along the y-axis. Equation (25) for the linear components upon

substituting eq (22) is then approximately

Yi = -i /
"DilDiI ^ "^1 Di2 Di3 D23 -YiAi

d 12 m13 D 23
(42)

where A^ is the quantity within the brackets of eq (42). The gain, polariza-

tion ratio, axial ratio, and tilt angle are then

4iTk2

^1 =
1 - IS 00

023^13

D'
23

(1 +
K\'

-)} (43)

and

Pa = --? ^1 = -2/Ini(Aj Ti =
Re(A^)

(44)

For nearly linearly polarized antennas, A will have little effect on the

gain, and the error in G will be primarily due to the errors in the |Dj!,^|s.

If we let c^^ be the error in decibels for each of the measured quantities,

then the resulting error in the gain will be

- ei2 + ei3 " ^23'

For the case of three antennas with approximately equal gains, the systematic

error in each e^^^ will be ^ery nearly the same. If we denote the systematic

component by e^ and the random component by e^, then for this case

e = e + /3 e .

g s r

For the axial ratio and tilt angle, errors in A have the major effect.

If we denote the amplitude and phase of the ratios in A as

ieD"
nm

D'
nm

= ci„^ e
nm

nm
(45)
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This relationship requires that N 5 100, w > 4, and preferably that n < 6 if

the effects of random error are to be minimized. Under these conditions, the

standard deviation in D^^ due to random error is about 0.05 dB.

The character of errors [23,24] due to receiver nonlinearity, range mis-

alignment, instrument drift, and atmospheric attenuation uncertainty are all

quite similar. That is, error in the amplitude data will be essentially zero

for the minimum distance and can be bounded by a monotonically increasing

error with a maximum value of e^ at the maximum distance. The continuously

increasing error is a worst-case situation, and the actual error may in fact

oscillate about zero which results in a smaller error in Aqq.

For the worst-case situation, the resulting error in D^^ due to one

source with a maximum error of e^ is approximately Sn = 2 e . The values of

e^^ for each source (receiver, alignment, etc.) must be estimated for each

measurement situation, and are typically no greater than 0.02 to 0.05 dB.

Phase errors are caused by receiver error, antenna alignment error, and

multipath signals. The largest phase errors will result when two highly

linearly polarized antennas are being used. In this case, small boresight

errors or inaccuracy in the 90 deg rotation can result in phase errors of tens

of degrees. Fortunately, the phase is not as important in calculating gain

and polarization characteristics for this case. When one antenna is linearly

polarized and the other is circularly polarized, alignment is not nearly as

critical, and the phase of DJ^j^ can be determined with errors of 1 deg or less.

5.1 Propagation of Errors to Gain and Polarization Parameters

For the purposes of this discussion, we will consider D^^ and D^^^ to be

quantities whose values and uncertainties are known (since they are \/ery

simply related to Aqq* Aqq, and A(j>) and determine the effect of these uncer-

tainties on the computed gain and polarization parameters. This will be done

for two-antenna combination sets that represent the situation for almost all

measurements.
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Figure 14. Measured-data, five-term polynomial fit, and residuals for X-band
conical horn (gain « 22 dB).

Let us assume that the measured data consist of N data points equally

spaced over an interval where the maximum to minimum distance ratio is denoted

by 0). The least-square fitting requires n coefficients to accurately fit the

data with the residual equal to r^. The variance of Aqq is equal to the vari-

ance of the individual measurements (approximately r^/N-n) times the first

diagonal element of the inverse of the matrix of the normal equation obtained

in the least squares method [22]. From empirical data this element, denoted

by C, has been found to depend on the measurement parameters according to the

equation.

log C = n(0.3 +— ) -1 - log N. (41)

37



if it is greater than 5, the last term in the series is significant. The

series which gives the best significant fit is terminated with the highest

order coefficient which is significant, and the first coefficient of that

series is Aqq. Figure 14 shows the graph of the 5-term series that was deter-

mined to be the best fit where all coefficients were significant. There is

still a very small (±0.01 dB) periodic character to the difference plot which

is due to residual errors. It is similar in character to ground reflections,

but has a longer period, and if a number of cycles are present in the data, it

will have a very small effect on the determination of Aqq.

Because only the relative phase between D^^ and D^j^ is required we may

arbitrarily assign a deg phase to 0^1^^, and we then have

^ A^o
D' = -o--r (39)
nm 2TTik ^ '

where Aqq = Aqq for notational convenience. From data taken with the same

antenna pair after rotation of the receiving antenna about its axis [eq (20)],

we obtain a new series and therefore a new constant coefficient denoted by

Aqq. d;;^ is then given by

/ Ann "iA<J>

°™ =^^ ™ («'

The measurement and fitting procedures are carried out for the three antenna

pairs which yield the six D^^'s required to solve eqs (22) through (25) and

(14) through (18) for the gain and polarization of each antenna.

5. Error Analysis

The errors that have the largest effect are those which vary with dis-

tance, because extrapolation can amplify the effect of small errors in the

data to significant errors primarily in Aqq. The magnitude of this effect is

dependent on the character of the measured data and the error function. The

results presented here will be for typical antennas and error functions which

are usually a worst-case upper bound type. By typical antennas we mean horn

and reflector type microwave antennas.
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Figure 13. Measured-data, two-term polynomial fit, and residuals for X-band
conical horn (gain « 22 dB).

The correct number of terms to use in the polynomial fit is determined by

using the Snedecor-Fisher F-test of statistical significance [21]. To use

this test, a set of N data points is fitted with a sequence of polynomials of

increasing order, and the residuals, defined as the sum of the squares of the

differences between the measured and fitted curves, are computed for each set

of coefficients. If we denote the residuals for the series with n coeffi-

cients by r^, then the nth coefficient is significant if

(r,-r )(N-n)
^ n-1 n''^ ' r

'n- > F(1,N). (38)

Values for F(1,N) can be found in tables of percentiles of the F distribution.

For the present case where N > 100, F(1,N) is taken to be about 5. The value

of F^ is computed for each trial series and printed out with the results and
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v(u) = (measured power ratio) • d^

b'o{d)d e-^'^^ (1 - r^r^) 2 (37)

The coefficients of eq (34) for a given number of terms are now determined by

fitting v(u) with a series in power of u, using the method of least squares.

After the coefficients have been determined a graph is produced showing the

measured and fitted curves. One such graph is shown in figure 13, which

illustrates the general character of these plots. The abscissa is the

reciprocal scaled distance, u, and therefore increasing distance is in the

direction of decreasing abscissa, with d = «> corresponding to u = 0. The

ordinate is power ratio times the distance squared. Three quantities are

shown plotted on the graph as a function of u. These are the measured data,

the fitted curve, and the difference between the measured and fitted curves.

The curve representing the measured data is a plot of eq (37) and therefore

includes the effect of measured amplitude, distance, and the atmospheric cor-

rection. It is plotted over the range for u for which measurements were

taken. If the measurements had been made in the far-field and the distances

were measured from the approximate phase centers of the antennas, the curve

would have been a horizontal straight line. Its departure from this condition

illustrates the near-zone correction as a function of u. The fitted curve is

plotted over the full range of u and is the evaluation of the polynomial using

the derived coefficients.

The difference between the measured and fitted curves is shown in the

point plot with one point for each data point. The differences are amplified

by a constant factor (given in the captions above the graph) and plotted about

the center ordinate so that systematic differences are more apparent. The

difference points help detect the presence of small systematic errors and

indicate the goodness of the fit.

When only random errors are present, and the correct number of terms are

used to fit the data, the difference plot will also be random. When either of

these conditions is not fulfilled, the point plot will have a periodic char-

acter as is evident in figure 13.
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and is determined by measuring the phase of bo(d) and bo(d) relative to a com-

mon reference, and then computing the phase difference as a function of dis-

tance. Some averaging of multipath effects and extrapolation of the phase

data also required, and this is yery similar to the analysis of the amplitude

data.

Figure 12 shows the phase differences for an antenna pair plotted as a

function of reciprocal distance, and illustrates the asymptotic character as d

becomes large.

4. Numerical Techniques for Antenna Gain and Polarization Measurements

When the measurements have been completed, the data are analyzed to

determine Ago and the phase difference for each orientation for each antenna

pair (sect. 3.5, paragr. 1). The main tasks of the computer processing are to

read the data from magnetic tape, fit the data to a power series, and make

various plots and tabulations of the measured data and the fitted curves.

The first step in this computer processing is the averaging discussed in

a previous section v/hich eliminates the effects of multiple reflections. The

amplitude data are then modified to account for the receiver calibration,

atmospheric attenuation, impedance mismatch, and the change in the input

attenuator [aL^ in eq (32)].

The independent and dependent variables, u and v, to be used in the

fitting are next computed from the amplitude and distance data, u is equal to

the reciprocal distance scaled by the factor a^/x, and is given by

^
d

•

This scaling is done so that the computer generated plots for any antenna will

have a distance scale in units of a^/x. It is strictly a matter of conveni-

ence in interpreting the graphs and has no effect on the final result.

If the amplitude has been recorded in voltage or decibels, it is con-

verted to a power ratio and multiplied by d^ to give the dependent variable v.
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The spacing of the data points is chosen to give between 1000 and 3000

approximately equally spaced points over the measurement interval. We have

found it best to record data for repeated runs over the same measurement

interval with the tower moving in opposite directions. This tends to random-

ize amplitude drifts or other short term changes, and is, therefore, prefer-

able to relying on a single run.

The guidelines for choosing a particular distance interval to operate

over depend on the types of errors in the data and will be discussed in the

section on error analysis. However, at the present stage of development, it

appears that the maximum distance, djy,^^, should be at least a^/x, but not so

great that large ground reflections occur. The minimum distance, d^^^-^, is

chosen small enough so that dj^^ax^^min ^ ^» ^^^ ^^ should be large enough that

three to six coefficients will accurately fit the data [see below eq (41)].

The distance interval which meets these guidelines will depend on the antennas

being measured, but will be approximately between 0.2 (a^/x) and 2 (a^/x).

Another criterion is that there be at least 10 dB total variation in signal

level over the distance interval.

3.5 Phase Measurements

As stated in the last paragraph in section 2.2, we generally calibrate

three antennas that are nominally polarization matched. Using this approach,

we can determine to high accuracy the gain of the antennas without need for

phase measurements (section 5.2). Axial ratios and tilt angles are then

determined using the improved polarization technique described in section 7.

Phase measurements have been used to determine gain and polarization param-

eters, however, and are included here for tutorial purposes and completeness.

Phase-versus-di stance measurements have been used to reduce the effects of

ground reflections when determining gains for broadbeam antennas (appendix A).

Since polarization and gain are independent of any phase factor common to

both Xp and Y^, only the relative phase difference between D^^^ and d'^^ need be

measured. This is given by [eqs. (19) and (20)]

D" ,. b;:(d)
nm _ lim ^^„ "^ ' (26)

A4) = arg -rn— =
.

arg . , y ,v \^°)
^nm ^ D d-*-" bo(d)

nm "
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The result of this process is a number of points on an averaged curve,

such as in figure 11. Since all orders of multipath signals have been

removed, this received signal can be represented by the first series of

eq (27), giving

-ikd
^(d)'' (1 - W) e \l %2 ^3

Since only the amplitude is to be fitted, we take the square of the absolute

value of eq (33) and obtain

bi(d)d2 a;, AI2 Ai3

^0

where

A^o = AooAoo = hoop

Aoi = AoqAoi + AooAoi (35)

A()2 " A00A02 + A00A02 *" AqiAoi.

(The bar denotes the complex conjugate.)

It is apparent that the coefficient which determines the far-field

properties, Aqq, is still determined from the first term in the new series.

The received signal will also be modulated by ground reflections when

present. This effect can be distinguished from the multiple reflections by

its longer modulation period, P^, which also increases with the separation

distance. For example, if the ratio of antenna height to separation distance,

h/d, is » 1, P^ = X; for h/d = 1, P^ = 2X; and for h/d = 1/4, P^ ^ lOx. If

ground reflections are present h/d must be large enough to result in several

modulation periods over the measurement distance. This effect can then also

be averaged out graphically and by computer, or by simply fitting the data

with a low-order series.
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Table 2. Data and errors for mm-wave antennas.

#1 and #2 #2 and #3 #1 and #3

Amp. (dB) -26.06 -26..23 -26.21

Phase (deg) 0.0 0..0 0.0

Amp. (dB) -37.56 -40,.19 -40.49

D"

Phase (deg) 20.0 280..0 310.0

Source of Error [irror in D,^(dB)

Impedance mismatch 0.01

Attenuator calibration 0.006

System drift and receiver nonl inearity 0.05

Atmospheric loss uncertainty 0.10

Antenna alignment 0.03

Distance nonlinearity 0.04

Quadrature sum systematic errors 0.12

Random errors 0.07

7. Improved Polarization Measurements

Absolute polarization parameters have been obtained in the previous sec-

tions using a three-antenna measurement technique [12,13,28]. By a modifica-

tion of this approach [29], the accuracy of the results are significantly

increased, and the measurements are easier to perform. Using this technique,

it is possible to accurately calibrate polarization standards which have axial

ratios greater than 40 dB. These standards are an important factor in the

measurement of antenna systems which require high polarization purity. This

work demonstrates the power and utility of using complex rather than real

polarization parameters in formulating polarization problems.

As we did before and repeat here for convenience, let us define three

coordinate systems, one fixed to each of two antennas and one fixed in space

and referenced to the test range. Each antenna system is defined with the

boresight direction along the z-axis and the y-axis nominally along the major

44



Table 1. Data and errors for X-band antennas.

Linear #1

and C.P.

Linear #2

and C.P.

Linear #1

and #2

Amp. (dB) 3.60

D'

Phase (deg) 0.0

3

0,

.69

.0

3.29

0.0

Amp. (dB) 3.28

D"
""^

Phase (deg) 262.1

3,

262,

.37

.5

-2.30

275.0

Source of Error 1Error i" ^m,(dB)

Impedance mismatch 0.01

Attenuator calibration 0.01 -

System drift and receiver nonlinearity 0.05

Atmospheric loss uncertainty 0.00

Antenna alignment 0.01

Distance nonlinearity 0.04

Quadrature sum systematic errors 0.06

Random errors 0.03

6.2 V-Band Reflector Antennas

These were linearly polarized, 45 cm diameter reflector antennas.

Antennas 1 and 2 were equipped with focal point feeds and #3 has a Cassegrain

feed. At the test frequency of 57.5 GHz, a^/x was 40 m. Extrapolation data

was taken over a range from 10 to 60 m on the NBS outdoor range with the

results shown in table 2.

From these data the antenna parameters and error estimates were deter-

mined to be

Antenna #1 #2 #3

Gain (dB)

Axial ratio (dB)

Tilt angle (deg)

46.61 ± 0.23

35.1 ± 2.4

87.6 ± 0.2

46.59 ± 0.23

43.7 ± 3.3

88.6 ± 0.1

46.26 ± 0.23

26.7 t 1.2

-89.0 ± 0.5
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axis of the polarization ellipse. The exact location of axes is not critical

but it is important that they be clearly defined. The reference, or space,

coordinate system has its x-axis horizontal, its y-axis vertical, and its z-

axis along the center of the test range. Now place the source antenna on the

test range so that its axes are coincident with the reference system. The

receiving antenna has its boresight {+z-axis) along the reference -z-direc-

tion, and is rotated about the reference z-axis into two orientations where

measurements are performed (fig. 15). In the first orientation the +y-axes of

the antennas are in the same direction, and in the second the -x of the

receiving antenna is in the same direction as the +y of the source antenna.

The coupling equations for these two orientations [eq (21)] are respectively

X1X2-Y1Y2 = DI2, (55)

X1Y2+X2Y1 = D'i2 (56)

where the D's are proportional to the complex received signals, and X^ and Y^

are the x- and y-components of the plane-wave spectrum transmitting

characteristic Sio(9><^) of the source antenna in the direction 9 =
(j)

= 0.

X2 and Y2 are similar quantities for the receiving antenna. Sjo(9j<I>) is

simply related to the far-electric field E, [eq (9)] and since we will only be

concerned here with ratios of the components, the formulation can be thought

of as being in terms of either _E or _S.

In eqs (55) and (56) we have assumed that the receiving antenna is recip-

rocal and expressed all antenna parameters in terms of transmitting proper-

ties. This is not necessary to the technique, but it makes the notation more

concise aTid consistent with previous material [13].

The approach in the three-antenna measurement is to repeat this procedure

for all three antenna pairs, measure the D^^^'s and solve the resulting six

equations for the linear components X^ and Y^, the right and left circular

components R^ and L , and obtain gain, complex linear polarization ratio p^,

complex circular polarization ratio p^,, axial ratio A, and the tilt angle t.

These polarization parameters are related by the equations [eqs (13) through

(18)]
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R=MV.L=^.X = B±L. Y=lim, (57)
fl /2 jz n

^ '
Y • ^c " R • * ' "fRnrt ' ' " "2"" • '^^'

All four of the vector components are, in general, complex quantities,

and X and Y do not represent real and imaginary parts. Also the measured

linear components ^v^ those for the reference coordinate system and all of the

quantities in eqs (39) and (40) except A will change if the initial orienta-

tion of the antennas is changed.

For polarization measurements, only the ratios of the components and the

received signals are necessary and we can combine eqs (56) and (57) and

express the result for the general case of antennas m and n in terms of linear

and circular polarization ratios.

(59)

p« + pm
p p

%x\

T= ^nm
=

D"
nm

D' '

nm

cm^cn

1

" T
+

^^nm

i^nm

1

r
- iP

mn

mn
(60)

In the above equation, P„^ is the ratio of D" /D' if the receiving antenna is
^ nm nm nm

rotated in the opposite direction for the second orientation, placing its +x-

axis coincident with the source antenna's +y-axis. The major source of error

in the polarization parameters obtained from these measurements is the uncer-

tainty in the phase of Q^^^^. For two nearly linearly polarized antennas, the

magnitude of Q^j^ may be -30 to -60 dB and at these levels, multipath signals,

depolarization of scattered signals, and leakage make accurate phase measure-

ments difficult. The phase will also change very rapidly as the 90 deg rota-

tion is approached; this makes it necessary to measure the rotation angle

quite accurately. The uncertainty in the phase of the Q's can be reduced

essentially to zero by the following modification of the measurement.

We first note from eq (57) and the definition of t that x = ±Tr/2, if and

only if p^ is negative and real, arg (p^) = ±it/2, and the major axis of the

polarization ellipse is exactly along the y-axis of the reference coordinates.
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We can further show that \Q^y\\ ^^^^ ^^ ^ minimum if the major axes are ini-

tially coincident, and under this condition, the phase of
Q^^^^

must be pre-

cisely Itt/Z. If we can initially align the antennas so that their major axes

are parallel, the phase measurement will reduce to one of determining the sign

of the phase. The initial alignment can be accomplished quite easily by

rotating the source antenna about the reference z-axis for a minimum received

signal and then rotating back 90 deg from that orientation.

The sign of the phase change can be determined by observing the direction

of phase change as the receiving antenna is rotated towards 90 deg. It can be

shown using eq (55) expressed in terms of circular components that for the

previously assumed conditions, the phase change of D' denoted by ij;, for any

rotation angle (t), is

- 1

ij;((j)) = tan'
P

^cn^cm
P

"^cn^^cm
+ 1

tan({>. (61)

Therefore, if the argument of Q^^ is +tt/2, the phase change will be positive

for all angles between and 90 deg and the converse will be ^true for a -ir/2

argument.

In summary, the measurement procedure is to initially align the antennas

with their chosen y-axes parallel, set the angle encoders to deg for this

orientation, and rotate the receiving antenna in the proper direction about

the z-axis until a minimum is found, and then rotate 90 deg in the opposite

direction. In this orientation the amplitude is set to 1.0, the phase to

deg, and the rotation angle ^^^ is recorded. The receiving antenna is

again rotated to the minimum, the direction of phase change during rotation is

noted, and the amplitude at the minimum, a^^ is recorded. Qp^ is then equal

to ± ittp^ where the correct sign is equal to the direction of phase change.

This procedure is repeated for the other two antenna pairs, and eq (60) solved

for the polarization ratios.

By aligning the antennas so that their electrical axes are parallel we

have essentially redefined the reference coordinate system to be coincident

with the electrical axes of the source antenna. With this redefinition,

A = l/|pj^| for both antennas.
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The tilt angle with respect to the antenna axes is determined from the

measured rotation angles A(|)p^ by the equation.

Ad), + Ad), - Ad)

,^=,90°.-^!! f ^. (62)

This technique is especially useful in the calibration of linear polar-

ization standards with ^Qvy small cross polarization. In this case, the mag-

nitude of the denominator of eq (59) is very nearly 1 and a quick calculation

yields the linear polarization ratios. For instance,

PU " - (Qi2+ Qi3- Q23)/2. (63)

This technique was used on a set of four Ku-band standard gain horns

where all combinations were measured to give three sets of data from which

each antenna's polarization could be computed. The consistency of the results

shown in table 3 indicates the accuracy of the technique.

We have discussed the case where the polarization is measured in the

boresight directions (along the antenna z-axis), but the same procedure can be

used for any direction. By rotating one or both of the antennas so that a

direction other than boresight is along the space z-axis, the spherical compo-

nents in that direction will be determined. Rotation of the receiving antenna

in the measurement of
Q^^^^

must be about the space z-axis which may not be the

antenna z-axis in this case.

Table 3. Results of polarization measurements.

Antenna
combinations

Ai

(dB) (deg)

A2

(dB)

^2

(deg)

A3

(dB)

"^3

(deg)

A^

(dB)

"^4

(deg)

1,2,3 67.7 89.62 54.8 89.84 47.1 89.83

1,2,4 73.9 89.60 53.9 89.86 60.0 89.86

1,3,4 70.3 89.68 46.8 89.79 61.0 89.80

2,3,4 54.4 89.80 47.3 89.77 59.1 89.82
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The accuracy of the results are primarily dependent on the measurement of

the magnitude of the Q's. If care is taken to average the effect of multipath

by moving one antenna a small distance in the z-di recti on, the errors in A are

on the order of ± 0.05 dB/dB of axial ratio, and about ± 0.2 deg in t.

8. Swept Frequency Measurement Techniques

Careful measurements of gain versus frequency of standard gain horns

exhibit small periodic amplitude oscillations of the order of 0.1 to 0.2 dB

superimposed on a smooth monotonic gain function. These oscillations are

attributed to multiple reflections between the mouth and throat of the horn

[7]. For highest accuracy, the gain must be determined at closely spaced fre-

quencies and swept frequency techniques may be used. The parameters are meas-

ured as a function of frequency and the values are adjusted at specific fre-

quencies to agree with the more accurate but time consuming extrapolation

measurements. The resulting gains as a function of frequency are fully cor-

rected for mismatch, near-zone effects and multiple reflections between

antennas. The accuracy obtainable over the band will typically be of the

order of ±0.15 dB.

As implied earlier, the extrapolation method is used as the basis for

accurate swept (stepped) frequency gain calibrations (fig. 16). To accomplish

this, fixed frequency extrapolation measurements are usually performed at the

end and mid-points of a waveguide band. Next, swept measurements of the per-

tinent reflection coefficients (both amplitude and phase) are taken looking

into (1) generator port, (2) transmitting antenna, (3) receiving antenna, and

(4) load port. Examples are given in figures 17 through 20. From these

values, the mismatch correction is calculated as a function of frequency

(fig. 21).

The next step in taking swept frequency measurements is to determine the

z-di stance at which the measurements will be taken. This is done by examining

the extrapolation data and determining the distance where the insertion loss

is approximately -10 to -12 dB. This usually assures that the distance is

about 1 to 2 a^/x, which is sufficient for currently specified error uncer-

tainties. This distance also ensures that there is a measurable signal across

the band. It is at this distance that the near-zone correction is obtained
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from the fixed-frequency extrapolation measurements (fig. 22). The receiving

system is then initialized by requiring that the receiver is operating in its

linear range and that the analog-to-digital amplitude meter is within its

operating range (0 to -20 dB). The computer is then programmed to step

(sweep) the signal source from f^^p to f^^^ ""^ steps small enough to assure

that small variations in antenna gain are measured. Usually, f^^^ and f^^^^

are chosen to be the lowest and highest frequencies at which extrapolation

range gain measurements at fixed frequencies were taken. Frequency and ampli-

tude data are then recorded (fig. 23).

The towers are then brought together and a generator-load connection is

made. A recorded offset has been inserted on the precision rotary vane

attenuator (RVA) to reduce the power level and again insure proper receiver

system operation. Frequency and amplitude data for this hookup are then

recorded (fig. 24).

After this procedure is checked out, the measurement is redone at least

twice for each pair of antennas. The sequence becomes first to measure the

generator-load connection, followed by reinstalling the horns, removing the

RVA offset, moving the towers to the appropriate distance and then recording

the frequency and amplitude measurements.

We now have sufficient information to determine the gain as a function of

frequency, fully corrected for mismatch, near zone, and multiple reflection

effects between antennas. Figure 25 shows a typical insertion loss result

including mismatch and near-zone corrections for a pair of Ku band horns.

This insertion loss is the difference between the generator-load reference

curve and the insertion loss curve with the antennas in place, both mentioned

above. The high frequency oscillations are due to multiple reflections

between the antennas. The effects can be either averaged out or filtered out

as shown in figure 26. The average gain for the pair of antennas is then

determined as shown in figure 27. After processing the average gains obtained

from the measurement of the three antenna pairs, the final gain values for the

standard gain horns are determined. Some final results are shown in fig-

ures 28 and 29. The oscillations about the nominal values are approximately

±0.04 dB, ±0.1 dB, respectively, and are due to mismatches or multiple reflec-

tions at the throat and aperture of the horns.
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Version of the NBS Extrapolation Method
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AND RAMON C. BAIRD, SENIOR MEMBER, IEEE

Abstract—A General Extrapolation Technique which corrects for

the effects of ground reflections in absolute gain measurements is

described. It utilizes the Extrapolation Method developed at NBS
which, in its present form, utilizes only amplitude versus distance data.

However, for broadbeam antennas such as those encountered below

1 GHz, ground reflections may produce unwanted oscillations in the

amplitude versus distance data. Hence the data are not amenable to

the curve-ntting procedure of the Extrapolation Method. This problem

can be overcome by including phase versus distance information to

reduce the effects of ground reflections.

INTRODUCTION

ASPECIFIC OBJECTIVE of the Antenna Systems

. Metrology Group at NBS is to develop the required

techniques and standards for accurately determining antenna

characteristics. One existing NBS measurement service is the

accurate calibration of transfer standard antennas (on-axis

gain and polarization) by the Extrapolation Method. The

theoretical basis of this method was developed by Wacker [ 1
]

and its application to accurate antenna measurements has been

described briefly by Newell and Kerns [2] and more fully, in

an experimentally oriented paper, by Newell et al. [3]. The
method utilizes a generalized three-antenna approach which

does not require quantitative a priori knowledge of the an-

tennas.

The main advantages of the Extrapolation Method, which

presently utilizes amplitude versus distance data only, are its

accuracy and generality, and there is essentially no upper

frequency limit. It can, in principle, be applied to any type of

antenna although some directivity is desirable to reduce

multipath interference. Above 1 GHz, uncertainties between

±0.08 and ±0.10 dB in gain are achieved routinely. The
maximum gain values that can be measured depend on the

range dimensions since a maximum separation of approxi-

mately 2D-/X is desirable. With the present NBS facilities,

the maximum gain ranges from about 45 dB at 75 GHz down

to about 25dBat 1 GHz.
At frequencies below 1 GHz and for the purposes of this

paper, in the V H F- U H F region, a transfer standard is often

broadbeam and produces ground reflections which cause os-

cillations in the amplitude data as a function of distance. These

oscillations have longer periods than those due to the multiple

reflections between antennas which are routinely averaged out
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The authors are with the Antenna Systems Metrology Section, Electro-
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80303

RADIATION ABSORBING MATERIAL

TRANSMITTER

'A ^

Fig. 1 . Schematic diagram showing the NBS indoor extrapolation range

modified to function as a scaled model of the larger outdoor range.

in the Extrapolation Method. For this reason, below 1 GHz
and for gains less than about 1 5 dB, the antenna might not be

calibratable by the usual Extrapolation Method which uses

a curve-fitting procedure to determine gain. The purpose of

this paper is to demonstrate that by utilizing both amplitude

and phase data as a function of distance, one can obtain an

amplitude versus distance curve which is corrected for the

effects of ground reflections. This curve can then be processed

by the Extrapolation Method to determine gain.

Discussion of Measurement Procedure

Recently at NBS, it was determined that a VHF-UHF
scalar horn can be designed to meet the requirements of a

transfer standard for 240-400 MHz [4]. This fact was dem-

onstrated by designing and constructing a C-band model of

the VH F-UH F antenna .md extensively measuring the critical

performance parameters and comparing them with theoretical

results. The expected calibration accuracy of the VHF-UHF
horn was then determined by performing measurements of the

scaled model on the NBS indoor extrapolation range. Mea-

surements were conducted both with and without ground re-

flections so that we could determine how well we could correct

for the multipath effects in our calibration technique. Ulti-

mately, the full-scale horn will be measured on the NBS out-

door extrapolation range. Fig. I is an illustration of how we can

use the scaled model horn on the indoor range to simulate the

situation that will exist at 240-400 MHz on the outdoor

range.

Extrapolation Method

The first step in the measurement process is to connect the

generator and load ports together to obtain a reference signal.

The antennas are then installed and the received signal is re-

U.S. Government work not protected by U.S. copyright
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.e 1.0

SEPARATION DISTANCE (m)

Fig. 2. Extrapolation data for scalar horn showing the insertion loss

plotted as a function of separation distance (meters).
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Fig. 3. Measured data without ground plane, four-term polynomial fit,

and differences for scalar horn.

corded as a function of the separation distance. Fig. 2 displays

some typical data for the case where no ground reflections are

present. The oscillations are due to multiple reflections between

the antennas. In the curve-fitting process to determine gain,

the effects of these multiple transits are eliminated by locally

averaging the relative insertion-loss values. The averaged curve

is then fitted with a polynomial in I Id (ordinarily, four or five

terms will suffice). This procedure determines the coefficient,

/4oo. of the \ jd term of the series (see [3], eq (27)] which de-

termines the gain of the antenna under test. With the artificial

ground plane removed and, hence, with no ground refiections

present, the results obtained by the curve-fitting procedure are

given in Fig. 3, which shows the averaged curve obtained from

the measured data for the scalar horn and the curve obtained

by fitting with a four-term polynomial. The greatly magnified

differences between the measured and fitted curve qualitatively

indicate the goodness of fit. The absolute gain of this horn was

determined to be 13.32 dB at 4.0 GHz, which simulates 240

MHz in the VHF-UHF range. It should be noted that the

abscissa in Fig. 3, and subsequently in Figs. 4 and 6, is the in-

verse of the normalized separation distance, a natural means

of analyzing curve fitting with a polynomial in 1 /d.

Analysis

With the artificial ground plane in place, the averaged curve,

i.e., the curve obtained after applying the local averaging

process discussed above, as a function of antenna separation

"1 1
1 r 1 1 1 r

LEAST SQUARE FIT TO DATA
H-l MEASURED DATA

1.0

RECIPROCAL NORMALIZED DISTANCE. dVA

Fig. 4. Measured data with ground plane, four-term polynomial fit, and

differences for scalar horn.

is given in Fig. 4. Note the region of oscillatory behavior due

to ground reflections. Fitting this curve with a four-term

polynomial in 1 jd, which is also shown in Fig. 4, results in a

calculated gain of 14.29 dB, 0.97 dB higher than its calibrated

value obtained without the ground plane! In addition, it is ev-

ident from this figure that the differences between the averaged

curve and the fitted curve are pronounced.

Denoting 0, as the measured phase and (pj as the phase of

the direct wave, one can see that when the ground plane is re-

moved, i.e., no ground effects present, the measured phase

minus the phase of the direct, wave should be zero plus an ar-

bitrary constant in the far field. This is important in our

analysis because the only assumption made in obtaining an

amplitude versus distance plot that is free of multipath effects

is that the direct wave phase can be represented in the far field

as

(pd = 360 d/X degrees (1)

where d is the separation distance and X is the wavelength.

Using a laser interferometer to accurately measure the

separation distance, the phase was measured without the

ground plane to test the above assumption. (Since ( 1 ) is being

used to calculate the phase of the direct wave, the measured

separation distance must be accurate to about 1/360 of a

wavelength. For this reason, at C-band, a laser interferometer

was used to measure the separation distances. For measure-

ments of the full-scale UHF-VHF horn, other means may be

adequate.) The dashed line in Fig. 5 shows the results, dem-

onstrating that for large distances, 0, - (pd is in fact extremely

close to being constant. It should be noted that where the

separation d-stance is small, the variation of 0, — 0<y is due to

the near-zone effect, i.e., the antennas are still in the near field

of each other. (A correction for this effect is routinely obtained

in the standard extrapolation method.)

An analysis of the interaction between the direct wave and

the ground wave shows that at the local peaks of the 0, — 0^

curve

p = -L^ = sin(0, -0^) (2)

where
|
K^| and

| K/| ^re the amplitudes of the ground and

direct waves, respectively. In addition, it can be shown that
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TABLE I

Measured Gain in dB of the Scalar Horn Model
(Principal component horizontally oriented.)

Fre»jency With grouna plane

in GHz WIthoul grouna plane With jround plane •nd l)ack-structure

40 13.32 13.27 1325
483 14 10 14.11 14 15

5.5 1452 14.41 1441
e.8 12.15 12.17 12 22

TABLE M
Measured Gain in dB of Scalar Horn Model

(Principal component vertically oriented.)

Frequency Wrth ground plane

^GHz WIthoul ground ptone With ground plane •nd back -structure

4.0 1323 13.31 13.31

4.83 1409 1402 14.03

5.5 1441 1450 14.54

86 1217 12.26 1229
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Fig. 6. Measured data points with ground plane and
I
K, I = 11^^!, four-

term polynomial fit, and differences for scalar horn.

4>i — 4>d = sin-'(p/2), when|I/,| =|K<,| (3)

where \V,\ is the amplitude of the total wave resulting from

the combination of the direct and ground waves. It is
|
K,

|
that

is measured as a function of distance in the extrapolation

method. Since
|
V,

\ max and
|
V,

\ „,(„ occur when the ground

wave adds in and out of phase, respectively, with the direct

wave, the distances at which 4>, — cp^ = are also determined.

From these preceding results, the points on the insertion-loss

curve where \V,\ = \Vj\ can be determined. For example,

when the phase differences, (p, — 4>d, are small, the condition

\y,\ = \Vd\ occurs at those distances where the (t>,
—

(t>d curve

has local maxima and minima. Using only these pxjints as data

in the region where ground reflection effects are dominant, one

can then use the extrapolation method to determine gain.

The solid line in Fig. 5 displays the measured (p, — 4>d data

obtained with the ground plane in place. Through the above

procedure, the points where \V,\ =
|
K^| were determined, and

the curve obtained using these points in the region where

ground effects are dominant is shown in Fig. 6. After fitting

this curve with a four-term polynomial, also shown in Fig. 6,

the gain of the antenna was calculated to be 1 3.27 dB, only

0.05 dB lower than the value obtained in the absence of ground

reflections! In addition, in this figure, the differences between

the curve and the filled curve indicate the goodness of fit.

Results

In order to further test the use of the extended version of the

extrapolation method, the gain of the scaled-model antenna

was determined at four frequencies across the band. The am-

plitude versus distance data obtained without the ground plane

present were processed by the extrapolation method to de-

termine the gain of the antenna at these frequencies. Next, the

ai.iplitude versus distance data obtained with the ground plane

present were processed by the extended version of the ex-

trapolation method to determine the gain. Comparisons were

then made. In addition, the gain of the antenna was obtained

with its principal component first horizontally and then ver-

tically oriented. (The phase of the field refiected by the ground

plane depends on the polarization of the field incident on the

ground plane. This results in different, i.e., shifted, positions

for the oscillations in the amplitude versus distance data. To

be useful, the extended version of the extrapolation method

must give the correct gain for all orientations.) Finally, the

structures of the towers on which antennas are mounted on the

outdoor range were simulated to determine their effect on the

gain measurements. The results of all these measurements are

summarized in Tables I and II.

Upon examination of the data in Tables I and II, the rms

difference between the gain values obtained with and without

the ground plane are 0.07 and 0.09 dB for the principal com-

ponent horizontally and vertically oriented, respectively. Also,

the rms difference between the gain values obtained without

the ground plane for the horizontal and vertical orientations

is 0.07 dB. These values are within ±0.10 dB, the bounds

nominally expected by the error analysis discussed in [3]. It

should be again noted that without the extended version of the

extrapolation method to account for ground reflections, errors

in gain could be in the order of ± 1 to 2 dB.

Conclusions

A technique has been described to determine the gain of

antennas operating at frequencies below 1 GHz. Under sim-

ulated conditions, it was determined that phase versus distance

measurements can be used to determine an amplitude versus

distance curve which is corrected for ground refiection effects.

This curve can then be processed by the extrapolation method

which uses amplitude data only to determine gain. Measure-

A-4



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL IM-32, NO. 1, MARCH 1983

mentson the full-scale VHF-UHF horn on the NBS outdoor

extrapolation range are planned for the future.
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U.S. DEPARTMENT OF COMMERCE
NATIONAL BUREAU OF STANDARDS

NATIONAL ENGINEERING LABORATORY
Boulder, Colorado 80303

REPORT OF CALIBRATION

STAM)ARD GAIN HORN
National Bureau of Standards
X-Band Horn, Serial No. 485

calibrated against
National Bureau of Standards

International Comparison Standard, Serial No. 1

and
National Bureau of Standards

International Comparison Standard, Serial No. 2

Submitted by:

National Bureau of Standards
Antenna Systems Metrology Group

Boulder, Colorado 80303

The on-axis power gain and polarization parameters of the antenna were measured by a

generalized three antenna measurement technique [1]. An extrapolation measurement
technique was used to evaluate and correct for near-zone and multipath effects in

the measured data. The two other antennas which were used in the measurement were
pyramidal type horns with nominal linear polarization. The antennas were not

assumed to be perfectly linearly polarized, and their actual cross polarization was
accounted for in the measurements and calculations.

The axis of measurement was in the direction of maximum power gain for all antennas,
and their 'E* field was in the horizontal direction.

The results of the measurements are summarized in the following table.

Frequency
(GHz)

Power Gain
(dB)

Axial Ratio
(dB)

Sense of
Polarization

Tilt Angle
(degrees)

Reflection
Amplitude

Coefficient
Phase

(degrees)

8.00
10.00
12.00

21.60 ± 0.1

22.37 ± 0.1
22.78 ± 0.1

48 ± 2

44 ± 2

43 ± 2

Right
Right
Right

90.3 ± 0.5
90.1 ± 0.5
90.3 ± 0.5

0.049
0.043
0.025

105.9
-59.6

-147.9

In addition to the gain measurements at the fixed frequencies, swept gain
measurements were also obtained. The results of these measurements are shown in

figure 1

.

[1] Newell, A. C; Baird, R. C; Wacker, P. F. Accurate measurement of antenna gain

and polarization at reduced distances by an extrapolation technique. IEEE

Trans. Antennas and Propagation, Vol. AP-21:418-431; 1973 July.
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standard Gain Horn

National Bureau of Standards

X-Band Horn, Serial No. 485

calibrated against

National Bureau of Standards

International Comparison Standard, Serial No. 1

and National Bureau of Standards

International Comparison Standard, Serial No. 2

The error estimates are the result of a quadrature (RSS) sum of the individual error
components listed in the following tables. Each error component is a worst case or

3 Sigma value, and the errors are independent and uncorrelated. The confidence
level for the resulting combination is, therefore, equivalent to that associated
with 3 sigma.

Errors in Gain Measurement

Source of Error

System Drift and Receiver Nonlinearity
Attenuator Calibration
Impedance Mismatch
Antenna Alignment
Distance Nonlinearity
Flange Loss and Reproducibility
Residual Multipath
Random Errors

Resultant Error in Gain (dB)

0.05
0.04

<0.01
0.05
0.02
0.05
0.03
0.03

Quadrature Sum ±0.11

Errors in Polarization Measurements

Resultant Error
Source of Error Axial ratio (dB) Tilt angle (deg.)

Antenna Alignment 1.0 0.5
Residual Multipath 1.0 0.1
Rotation Angle for Maximum

and Minimum 1.5 0.15

±2.0 ±0.5

The estimated uncertainty in the swept gain measurement is 0.15 dB,

For the Director,
National Engineering Laboratory

Allen C. Newell, Leader
Antenna Systems Metrology Group
Electromagnetic Fields Division

Page 2 of 2

Date of Calibration: July 1982
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Figure 1. NBS X-Band Horn, Serial No. 485.
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